1. Introduction {#s0005}
===============

Park2, which encodes Parkin, is the most frequently mutated gene that has casually been linked to autosomal recessive early onset familial Parkinson\'s disease (PD) [@bib1]. Abnormalities of Parkin have also been described in sporadic PD [@bib2]. Parkin is an E3 ubiquitin ligase that provides specificity for the process of tagging proteins with ubiquitin for degradation in the ubiquitin proteasome system [@bib3]. Evidence implicating a direct role for the ubiquitination in PD came from the association of genetic mutations in the parkin gene with familial parkinsonism [@bib1], and several studies demonstrated that parkin acts as a ubiquitin ligase associated with proteasomal degradation [@bib4], [@bib5], [@bib6]. This property of parkin thus directly related with ubiquitination for dopaminergic neuronal survival [@bib7]. The exact mechanism by which Parkin causes PD-like syndromes and why dopaminergic neurons are primarily affected by a ubiquitously expressed mutation remain unclear [@bib8], [@bib9]. However, several studies suggest that Parkin interacts with PINK1 (PTEN-induced putative kinase 1; also known as PARK6), another gene mutated in autosomal recessive familial form of PD [@bib10] to regulate mitochondrial biology, and alters mitochondrial dynamics [@bib11].

Recently, a study performed with cultured cells has shown that Parkin can mediate autophagy on damaged mitochondria [@bib12]. The relation between Parkin and mitochondrial biology was first established in Drosophila, which displayed impairment in mitochondrial function and neuronal loss in an age-dependent manner when rendered deficient for Parkin [@bib13]. Likewise, similar mitochondrial defects were exhibited in Park2 knockout (KO) mouse models although only mice with conditional KO of Park2 recapitulate parkinsonian phenotype and striatonigral degeneration [@bib14]. More recently, post-mortem brain tissues of PD patients also confirmed the involvement of altered mitochondrial pathologies in the disease process [@bib15]. Parkin has a protective effect against a diversity of insults. More importantly, viral over-expression of parkin protected midbrain dopaminergic neurons against acute a-synuclein damage in primary culture [@bib16] and rat brain [@bib17] as well as in Drosophila melanogaster [@bib18]. It was also found that parkin expression was protective against 6-hydroxydopamine neurotoxicity in rat brain [@bib19]. Parkin over-expression also protected SH-SY5Y human neuroblastoma cells against oxidative dopamine neurotoxicity [@bib20]. The neuroprotective function of parkin has also been suggested to result from its selective recruitment to damaged mitochondria, where it promotes the autophagic removal of the reactive oxygen species (ROS)-generating organelles [@bib12].

ROS are chemically reactive chemical species containing oxygen such as peroxides, superoxide, hydroxyl radical, and singlet oxygen [@bib21]. In a biological context, ROS have important roles in cell signaling and homeostasis [@bib22]. However, during times of environmental stress, ROS levels can increase, and this may result in significant damage to cell structures [@bib22]. It has been reported that hydrogen peroxide (H~2~O~2~) is able to activate the p38 kinase to induce apoptosis [@bib23]. In PD conditions, oxidative stress is a major cause of neuronal death. Studies with PD-like symptoms elicited animal models have shown that extracellular superoxide ^•^O~2~^--^ production results in the activation of microglial cells which subsequently attack neighboring dopaminergic neurons [@bib24]. Many studies have already demonstrated that several kinds of ROS can induce the activation of the mitogen-activated protein kinase (MAPK) pathways [@bib25]. A number of evidence suggests that induction of ROS production can activate MAPK pathways in multiple cell types [@bib25], [@bib26]. The p38 MAPK activation was also higher in PD models and it was implicated in the mechanism of neuronal cell death [@bib27]. Indeed, p38 phosphorylation induces the expression of the pro-apoptotic protein Bax [@bib28], in dopaminergic neurons of the mice midbrain [@bib29]. In addition, p38 MAPK is a critical link between Fas and the mitochondrial death pathway. A recent study has suggested that the activation of p38 MAPK can induce mitochondrial death pathway through Fas-induced apoptosis [@bib30]. Moreover, p38 is believed to regulate not only apoptosis but also autophagy. p38 MAPK is an essential effector for modulating apoptosis or autophagy under ER stress. Recently study indicated that chemical or protein induced-p38 activation suppressed autophagy but promoted apoptosis [@bib31], [@bib32]. Together, these suggest that MAPK signaling pathways contribute to neuronal death through functional deficiencies of mitochondria in the pathogenesis of PD.

Ethanol (EtOH) is the most psychoactive substance used after caffeine. Chronic alcoholism is a major public health problem and causes multi-organ diseases and toxicity. Although the liver metabolizes the majority of EtOH ingested, it has intoxicating effects in brain diseases [@bib33]. Chronic alcohol intake is associated with several degenerative and inflammatory processes in the central nervous system (CNS) [@bib34]. EtOH promotes oxidative stress by increasing ROS, mostly superoxide (^•^O~2~^--^) formation as well as decreasing cellular defense mechanisms. A recent study suggests that EtOH-induced defects in the mitochondrial function may promote in apoptotic cell death disease models [@bib35]. The CNS is vulnerable to free radical damage because the brain has a high oxygen consumption, abundant lipid content, and the relative paucity of antioxidant enzymes as compared with other tissues [@bib36]. Therefore, in the present study, we demonstrate that Parkin deficiency exacerbate EtOH-induced oxidative damage on brain through p38 signaling-dependent dysfunction of mitochodria. In this study, Park2 KO mice have a lower number of nigral dopaminergic neurons than WT mice. Moreover, EtOH-induced impairments were more severe on the nigrostriatal dopaminergic system through p38 signal dependent dysfunction of mitochondria and mitophagy.

2. Materials and methods {#s0010}
========================

2.1. Animal {#s0015}
-----------

The age 4--5 month-old), sex (male) and weight (26--27 g) matched wild type (C57BL/6) mice and Park2 KO mice were maintained in accordance with the guidance of the National Institute of Toxicological Research for the care and use of laboratory animals. All of the experimental procedures were approved by the Animal Care and Use Committee (IACUC) of Chungbuk National University (approval number: CBNUA-929-16-01). The C57BL/6 and Park2 KO mice were purchased from The Jackson Laboratory (Bar Harbor, Maine 04609). All mice were housed in a room that was automatically maintained at 21--25 °C and at relative humidity (45--65%) with a controlled light--dark cycle. Park2 KO mice and WT mice were randomly divided into four groups (*n*=8 per group). Each group of mice received 2 different types of liquid diets for 10 days: (1) paired-fed standard diet with water (pair-fed); (2) Alcohol diet with ethanol (EtOH-fed). EtOH comprised 35.8% of total calories in mice receiving EtOH. Liquid diets (pair-fed and EtOH-fed) were based upon the Lieber-DeCarli EtOH formulation and were purchased from DYETS Inc. (Bethlehem, PA). The EtOH concentration of 6.6% was kept thereafter for 8 days. After 8 days of feeding, the mice were sacrificed.

2.2. Behavioral tests {#s0020}
---------------------

We performed behavioral tests to examine whether there was a difference in the EtOH-caused behavioral deficit between C57BL/6 and Park2 KO mice. Rotarod, pole and gait tests were conducted as the behavioral tests.

2.3. Rotarod test {#s0025}
-----------------

Motor performance and coordination were examined using the Rotarod treadmill (MED Associates Inc., St. Albans, VT.), consisting of a 3.6-cm diameter cylindrical treadmill connected to a computer-controlled stepper motor as described previously [@bib37]. When the animal falls off the rotating drum, individual sensors sense it, and automatically record the length of time spent on the treadmill (in seconds). Mice were trained two consecutive days before in acceleration mode (2--20 rpm) over 5 min. The training was repeated with a fixed speed (10 rpm) until the mice were able to stay on the rod for at least 300 s. If animals did not pass the trainings, they were excluded from further experiments.

2.4. Pole test {#s0030}
--------------

The rough-surfaced wooden pole (1 cm in diameter, 55 cm in height) was vertically placed on the floor of home cage. Upon being placed head-upward on top of the pole, mice turned downward and descended back to their home cages. Prior to the test trials, mice were acclimatized to the pole over three trials with intervals of 30 s between the trials. On the test trials, total time for them to orient downward and descend to the floor was assessed. The test trials were performed three times per animal and average values from three examinations were used for each animal.

2.5. Gait test {#s0035}
--------------

The forelimbs and hindlimbs were painted with ink and animals were placed on a bright runway (4.5 cm wide, 42 cm long, with walls 12 cm high) and were allowed to run toward a dark goal box (20×17×10 cm). Mice were subject to two training trials to be acclimatized at the environment. A single test trial was performed and stride length was measured as the distance between successive paw prints. Data was presented as the average of five strides for each animal.

2.6. Collection and preservation of brain tissues {#s0040}
-------------------------------------------------

After the behavior tests, mice were sacrificed with CO~2~ gas and then perfused with phosphate-buffered saline (PBS). The brains were immediately removed from the skull, and the tissues were stored at --80 °C until biochemical analysis.

2.7. HPLC analysis of dopamine and its metabolite {#s0045}
-------------------------------------------------

Dopamine and metabolites in the striatum were measured by HPLC. Briefly, tissues were sonicated in chilled 0.1 M perchloric acid containing dihydroxybenzylamine as an internal standard. After centrifugation (15,000×*g*, 30 min, 4 °C), the supernatant was diluted with mobile phase (75 mM of NaH2PO4, 1.7 mM Octane sulfonic acid, 10% methanol, pH 3.0), and 10 μl of sample was isocratically eluted through a 80×4.6 mm C18 column (Waters Associates, Milford, MA) with a flow rate of 1.5 ml/min. Neurochemicals including dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) were detected by a two-channel electrochemical detector (Waters Associates) at a potential of 1.5 mV. Concentrations were normalized by wet tissue weight.

2.8. Immunohistochemistry and immunofluorescence {#s0050}
------------------------------------------------

Tissue [Section, 5](#s0130){ref-type="sec"} mm thick, were used for immunohistochemistry (and immunofluorescence) examinations. Paraffin-embedded sections were deparaffinized and rehydrated, washed in distilled water, and then subjected to heat-mediated antigen retrieval treatment. Endogenous peroxidase activity was quenched via incubation in 1% hydrogen peroxide in methanol for 30 min, followed by clearing with PBS for 5 min. The sections were blocked for 30 min with 3% normal horse/goat serum diluted in PBS. These sections were incubated overnight with the appropriate antibodies. After washing in PBS, the sections were incubated in biotinylated goat anti-mouse/rabbit IgG antibody (1:1000 dilution; Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. The sections were subsequently washed and incubated with avidin-conjugated peroxidase complex (ABC kit, 1:200 dilution; Vector Laboratories) for 30 min, followed by PBS washing. The peroxidase reaction was performed in PBS using 3, 3′-diaminobenzidine tetrahydrochloride (DAB, 0.02%) as the chromogen. Finally, sections were dehydrated in ethanol, cleared in xylene, mounted with Permount (Fisher Scientific, Waltham, MA, USA), and evaluated via light microscopy (Olympus, Tokyo, Japan). For immunofluorescence examination, sections were incubated with anti-rabbit secondary antibody labeled with Alexa-Fluor 488 (1:400 dilution; Invitrogen, Carlsbad, CA, USA) or anti-mouse secondary antibody labeled with Alexa-Fluor 568 (1:400 dilution; Invitrogen) for 2 h at room temperature. The final images were acquired using a confocal laser scanning microscope (TCS SP2, Leica Microsystems AG, Werzlar, Germany).

2.9. Analysis of the number of TH-positive neurons and density of TH-positive fibers {#s0055}
------------------------------------------------------------------------------------

The total number of TH-positive cells was counted in sections using the optical fractionator method for unbiased cell counting as described previously with slight modifications [@bib38]. Briefly, every sixth section throughout the entire extent of the substantia nigra was picked, and immunostaining for TH was performed. The number of TH-positive neurons was counted by using a computer-assisted image analysis system consisting of a Zeiss Axioskop2 Plus photomicroscope equipped with an MS-2000 (Applied Scientific Instrumentation, Eugene, OR) computer-controlled motorized stage, a Sony DXC-390 video camera, a DELL GX260 workstation, and the Optical Fractionator Project module of the BIOQUANT Stereology Toolkit Plug-in for BIOQUANT Nova Prime software (BIOQUANT Image Analysis Corporation, Nashville, TN). The substantia nigral region was observed at a low magnification (10× objective) and was outlined by using a set of anatomical landmarks. The cell number was counted at a high magnification (40× objective). The total number of neurons was automatically calculated by the software. For determining striatal TH-positive fiber density, we picked six striatum-containing sections covering the entire head and tail of the striatum from each animal. To prevent non-specific staining, a blocking step was included. Sections were incubated for 2 h at room temperature with 5% BSA (in PBS). Sections were then incubated overnight at 4 ℃ with the primary antibody in blocking solution (5% BSA). TH-positive fiber density was measured by using Bioquant Image Analysis software. All images are converted to a gray scale for standardizing white balance. Each value was corrected for non-specific background by subtracting the optical density of the corpus callosum.

2.10. Western blot analysis {#s0060}
---------------------------

The brain tissues were homogenized with lysis buffer (PRO-PREP; iNtRON, Sungnam, Korea; n=8 mice per group) and centrifuged at 2500×*g* for 15 min at 4 °C. Equal amounts of total protein (20 μg) isolated from brain tissues were resolved on 8% or 10% sodium dodecyl sulfate polyacrylamide gels and then transferred to nitrocellulose membranes (Hybond ECL; Amersham Pharmacia Biotech, Piscataway, NJ). Membranes were incubated at 4 °C for 12 h with the following specific antibodies: anti-GFAP, anti-iba1 (1:1000; Abcam, Inc., Cambridge, MA), anti-COX-2, anti-p38, anti-p-p38, anti-p-JNK, anti-JNK, anti-p-ERK, anti-ERK (Cell Signaling Technology, Inc., Beverly, MA), anti-MAO B (1:1000; Santa Cruz Biotechnologies, Inc., Santa Cruz, CA), and anti-β-actin (1:2500; Santa Cruz Biotechnologies, Inc., Santa Cruz, CA). Blots were then incubated at room temperature for 2 h with corresponding peroxidase-conjugated anti-goat/mouse/rabbit (1/2000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Immunoreactive proteins were detected using an enhanced chemiluminescence [@bib39] Western blotting detection system. The relative density of the protein bands was scanned densitometrically using My Image (SLB, Seoul, Korea) and quantified by Lab Works 4.0 (UVP, Upland, CA).

2.11. TUNEL assay {#s0065}
-----------------

DNA fragmentation was examined with terminal deoxynucleotidyl transferase-mediated FITC--dUDP nick-end labeling (TUNEL). TUNEL assays were performed using the in situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer\'s instructions. In brief, after fixation of 25-mm cryosections with 4% paraformaldehyde, and treatment with 0.1% NaBH4 and 0.1 Triton X-100, the slides were incubated for at least 1 h with a reaction mixture containing deoxynucleotidyl transferase and FITC--dUDP (Roche, Reinach, Switzerland). For 40, 60-diamidino-2-phenylindole dihydrochloride (DAPI) staining, the slides were incubated for 15 min at room temperature in the dark with a mounting medium for fluorescence containing DAPI (Vector Laboratories, Cambridgeshire, UK). The tissues were then examined through a fluorescence microscope (Leica Microsystems AG, Wetzlar, Germany), and the nuclei were visualized via DAPI staining.

2.12. Mitochondrial membrane potential {#s0070}
--------------------------------------

Mitochondrial membrane potential was assessed using JC-1, a cationic dye that exhibits potential-dependent accumulation and formation of red fluorescent J-aggregates in mitochondria. In contrast, changes in plasma membrane potential do not affect the JC-1 status. The JC-1 monomer accumulates in the cytoplasm where it produces a green fluorescence. Formation of J-aggregates in the mitochondria is indicated by a fluorescence emission shift from green (525 nm) to red (590 nm). The JC-1 monomer (green) and the J-aggregate (red) were detected separately in FL1 (emission, 525 nm) and FL2 (emission, 590 nm) channels, respectively.

2.13. Measurement of oxidative stress {#s0075}
-------------------------------------

Hydrogen peroxides were measured according to the manufacturer\'s instructions (Cell Biolabs, San diego, CA). Total glutathione (GSH), and Malondialdehyde (MDA) were measured according to the manufacturer\'s instructions (Cayman chemical, Ann Arbor, MI). To perform assay, the brain tissues and PC-12 cells were homogenized, then normalized to protein concentration. Superoxide production in brain tissue and PC-12 cells were detected by dihydroethidium (DHE) staining (Sigma-Aldrich). Brain sections and PC-12 cells were incubated with 10 μM DHE for 45 min at 37 °C in a humidified chamber protected from light. The average fluorescence intensity of the nuclei was then analyzed using Image Pro-Plus software (Media Cybernetics, Inc., Rockville, MD). Protein carbonyl content was measured as a marker of oxidative damage to proteins [@bib40], [@bib41]. The contents of protein carbonyl were measured using a Protein Carbonyl Content Assay Kit (Abcam, Inc., Cambridge, MA) following the manufacturer\'s protocol. They were determined the hydrazone derivatives between 360 nm. Data are expressed as nmol carbonyls/mg protein.

2.14. Statistical analysis {#s0080}
--------------------------

All statistical analysis was performed with GraphPad Prism 4 software (Version 4.03; GraphPad software, Inc., San Diego, CA). Group differences in the Rotarod test, pole test and gait test were analyzed using two-way ANOVA followed by Dunnette\'s *post hoc* test. All values are presented as mean±SEM. Significance was set at p\<0.05 for all tests.

3. Results {#s0085}
==========

3.1. Effect of Park2 knockout on behavioral impairments {#s0090}
-------------------------------------------------------

We examined the effect of Park2 deletion on behavior disorder. Park2 KO mice did not show any overt behavioral impairment in comparison to C57BL/6 Park2 WT mice between the pair-fed groups. The rotarod test was carried out to assess their coordination capability. EtOH consumption significantly decreased latency on the rotarod in both Park2 WT and Park2 KO mice. However, the latency to fall in EtOH-fed Park2 KO mice (19.8±7.13 s) was significantly decreased compared to EtOH-fed Park2 WT mice (40.3±12.15 s); (F value=14.57) ([Fig. 1](#f0005){ref-type="fig"}A). Next, we conducted the pole test and measured the time it took to descend from the top of the pole to the floor. Elongation of the parameter is considered to reflect bradykinesia. Pair-fed groups did not show any significant difference on behavior disorder in both Park2 WT and Park2 KO mice. In contrast, the time to descend was significantly decreased in EtOH-fed Park2 KO mice (13.05±0.51 s) compared to EtOH-fed Park2 WT mice (11.83±0.24 s); (F value=4.58) ([Fig. 1](#f0005){ref-type="fig"}B). When the stride length test was performed, results showed that EtOH-feed had shortened fore limb stride length ([Fig. 1](#f0005){ref-type="fig"}C). The stride length of the hind limb was shortened more in EtOH-fed Park2 KO mice (4.2±0.1 cm) compared to EtOH-fed Park2 WT mice (6.6±0.3 cm); (F value=3.89). There was no significant difference in behavior disorders between Park2 KO and Park2 WT mice between the pair-fed mice of the two groups.

3.2. Effect of Park2 knockout on dopaminergic neurodegeneration {#s0095}
---------------------------------------------------------------

We evaluated EtOH-neurotoxicity on dopamine deletion using HPLC analysis. HPLC analysis for neurochemicals including dopamine and its metabolite DOPAC and HVA was conducted with the striatum tissues. Absence of Park2 showed lower levels of dopamine and its metabolites in the striatum after EtOH feeding ([Fig. 2](#f0010){ref-type="fig"}A). Immunohistochemical stainings for TH showed there were abundant TH-positive fibers in the striatum and substantia nigra of Park2 KO and Park2 WT mice between the pair-fed groups. When the mice were fed the EtOH diet, the number of TH-positive neurons was significantly lowered in the substantia nigra of both Park2 WT and Park2 KO mice, as determined by immunostaining and stereological counting ([Fig. 2](#f0010){ref-type="fig"}B). Population of the dopaminergic neuron was lower in EtOH-fed Park2 KO mice compared to EtOH-fed Park2 WT mice. Consistent with this, density of TH-positive fibers in the striatum following EtOH consumption was lower in Park2 KO mice compared to Park2 WT mice ([Fig. 2](#f0010){ref-type="fig"}B).

3.3. Effect of Park2 knockout on the autophagy and mitochondrial function {#s0100}
-------------------------------------------------------------------------

LC3 is widely used to determine for autophagy. LC3 is known to exist in two forms: LC3-I, which is found in the cytoplasm and LC3-II, which is membrane-bound and is converted from LC3-I, to initiate formation and lengthening of the autophagosome [@bib42]. One approach is to detect LC3 conversion (LC3-I to LC3-II) by immunoblot analysis because the LC3-II is clearly correlated with the number of autophagosomes. However, owing to several problems, summation of LC3-I and LC3-II for ratio determinations, may not be appropriate, and rather, the amount of LC3-II can be compared between samples [@bib43]. In order to compare the amount of mitophagy without false positive results, we measured the ratio of LC3-II/TOM20. Double immunofluorescence staining showed that significantly higher number of immunoreactive cells against TOM20 and LC3 were observed in the brains of EtOH-fed Park2 KO mice than those of EtOH-fed Park2 WT mice. TOM20 and LC3 were normally expressed in normal-fed groups brain. TOM20 was highly expressed and a large number of cells were double positive for LC3 in the brains of EtOH-fed Park2 WT mice. However, expression of TOM20 was decreased and a small number of cells were double positive for LC3 in EtOH-fed Park2 KO mice ([Fig. 3](#f0015){ref-type="fig"}A). In order to quantify the fluorescence, we measured the ratio of TOM20 and LC3/DAPI signals ([Fig. 3](#f0015){ref-type="fig"}B). In addition, effect of Park2 KO on mitochondrial membrane potential loss in the brain was examined by JC-1 staining. Changes in the mitochondrial membrane potential were determined by red versus green fluorescence using JC-1 dye where healthy mitochondria give out fluorescence because of J aggregates of JC-1 dyes, while damaged cells show green fluorescence because of the lack of mitochondrial membrane potential. The ratio between the measurements at wavelengths of 590 nm (red) and 540 nm (green) fluorescence showed a significantly higher number of damaged cells in the parkin siRNA-transfected (5 μM) PC-12 cells against EtOH treatment ([Fig. 3](#f0015){ref-type="fig"}C). Similar to double staining data, expressions of TOM20 and LC3 were significantly lowered in EtOH-fed Park2 KO mice compared to EtOH-fed Park2 WT mice ([Fig. 3](#f0015){ref-type="fig"}D). In addition, the ratio of LC3-II/TOM20 was significantly lowered in EtOH-fed Park2 KO mice compared to EtOH-fed Park2 WT mice ([Fig. 3](#f0015){ref-type="fig"}E). The results suggest that the absence of Park2 leads to the down-regulation of autophagy through decreased mitochondrial function.

3.4. Effect of Park2 knockout on the generation of ROS {#s0105}
------------------------------------------------------

In order to test superoxide production in brains, we performed dihydroethidium (DHE) staining. The reactive fluorescence of DHE in the brain was increased to about 321% in EtOH-fed Park2 WT mice group compared to non-treated park2 WT mice group, but it was greatly increased to about 463% in the EtOH-fed Park2 KO mice group ([Fig. 4](#f0020){ref-type="fig"}A and B). The total glutathione level was depleted to about 51% in EtOH-fed Park2 WT mice group, but was depleted to about 69% in EtOH-fed Park2 KO mice group ([Fig. 4](#f0020){ref-type="fig"}C). In addition, MDA concentration was much higher in EtOH-fed Park2 KO mice compared to EtOH-fed Park2 WT mice ([Fig. 4](#f0020){ref-type="fig"}D). Consist with these data, protein carbonyl contents were much higher in EtOH-fed Park2 KO mice compared to EtOH-fed Park2 WT mice ([Fig. 4](#f0020){ref-type="fig"}E).

3.5. Effect of Park2 knockout on the apoptosis {#s0110}
----------------------------------------------

To investigate apoptosis of neuronal cells in the brain, we performed TUNEL assay in the brain sections. In the brains of EtOH-fed groups, TUNEL-positive apoptotic cells were frequently observed and an indication of apoptosis was significantly higher in Park2 KO mice than that of Park2 WT mice. The number of apoptotic cells (DAPI-positive TUNEL-stained cells) in the brain was increased to about 38% in EtOH-fed Park2 WT mice group, but it increased to about 58% in the EtOH-fed Park2 KO mice group ([Fig. 5](#f0025){ref-type="fig"}A). The expression of cell death regulatory proteins including caspases-3, -8 and -9 as well as Bax and Bcl-2, the expression of apoptotic proteins was investigated by Western blots. The expression of pro-apoptotic proteins, Bax and cleaved form of caspase-3, -8, -9 were greatly increased in EtOH-fed Park2 KO mice brain compared to that in EtOH-fed WT mice brain. However, the expression of Bcl2 was significantly decreased in EtOH-fed Park2 KO mice brain ([Fig. 5](#f0025){ref-type="fig"}B).

3.6. Effect of Park2 knock down on EtOH-induced autophagy, mitochondrial function and ROS generation in PC-12 cells {#s0115}
-------------------------------------------------------------------------------------------------------------------

To further examine the regulating effect of Park2 on autophagy and ROS generation, the Park2 gene expression was knock downed by parkin siRNA-transfection (5 μM) in PC-12 cells. First, we investigated protein expression of Park2 in parkin siRNA transfected PC-12 cells treated with EtOH. We observed that expression of Parkin was significantly lower in siRNA transfected PC-12 cells ([Fig. 6](#f0030){ref-type="fig"}A). The immunoblot data showed that expression of COX4, LC3 and TOM20 were significantly increased by EtOH treatment, but these expressions were decreased in parkin siRNA-transfected PC-12 cells ([Fig. 6](#f0030){ref-type="fig"}A). In addition, the ratio of LC3-II/TOM20 was significantly increased by EtOH treatment, but this ratio was decreased in parkin siRNA-transfected PC-12 cells ([Fig. 6](#f0030){ref-type="fig"}B). To evaluate autophagy, which can promote cell survival, we investigated protein expression of autophagy markers. Double immunofluorescence staining showed a signifcantly lower number of immunoreactive cells against TOM20 and LC3 were observed in the parkin siRNA-transfected PC-12 cells against EtOH treatment ([Fig. 6](#f0030){ref-type="fig"}C). In addition, the effect of Park2 knock-down on mitochondrial membrane potential loss in PC-12 cells was investigated by JC-1 staining followed by fluorescence microscopy. Changes in the mitochondrial membrane potential were determined by red versus green fluorescence using JC-1 dye where healthy mitochondria give out fluorescence because of J aggregates of JC-1 dyes and damaged cells show green fluorescence because of the lack of mitochondrial membrane potential. Ratio between the measurement at wavelengths of 590 nm (red) and 540 nm (green) fluorescence showing a significantly higher number of damaged cells were observed in the parkin siRNA-transfected PC-12 cells against EtOH treatment ([Fig. 6](#f0030){ref-type="fig"}D). Next, we evaluated the amount of the ROS generation in parkin siRNA-transfected PC-12 cells after EtOH treatment (100 μM). In parkin siRNA-transfected PC-12 cells, EtOH-induced ROS generation was significantly increased by down-regulated Park2 expression ([Fig. 6](#f0030){ref-type="fig"}E).

3.7. Effect of p38 MAPK inhibitor on autophagy, mitochondrial function and ROS generation in Park2 KO mice brain and PC-12 cells {#s0120}
--------------------------------------------------------------------------------------------------------------------------------

We speculated that mitochondria dysfunction and autophagy by Park2 KO might be associated with activation of the p38 MAPK pathway. In support of our assumption, there was a significant increase of p38 MAPK phosphorylation in EtOH-fed Park2 KO mice compared with EtOH-fed Park2 WT mice ([Fig. 7](#f0035){ref-type="fig"}A). However, JNK and ERK phosphorylation showed no difference between Park2 KO mice with Park2 WT mice (data not shown). The p38 MAPK protein is essential for the mitochondrial function and formation of ROS in the brains of PD. In order to further examine the mechanisms regulating mitochondrial function by the p38 pathway, EtOH-fed Park2 KO mice were injected with p38 specific inhibitors (10 mg/kg; i.p.), and investigated for the involvement of the p38 pathway in autophagy protein expression. The p38 inhibitor reversed the Park2 KO mediated reducing effect of autophagy proteins (LC3 and TOM 20) expression in Park2 KO mice brain ([Fig. 7](#f0035){ref-type="fig"}B). The ratio of LC3-II/TOM20 in Park2 KO mice brain was also reversed by injection of p38 inhibitor ([Fig. 7](#f0035){ref-type="fig"}C). In addition, the effect of p38 inhibitor on mitochondrial membrane potential loss in Park2 KO mice brain was investigated by JC-1 staining. The ratio between the measurement at wavelengths of 590 nm (red) and 540 nm (green) fluorescence showing that EtOH-induced membrane potential loss were significantly decreased by p38 inhibitor treatment (10 μM) in the Park2 KO mice brain ([Fig. 7](#f0035){ref-type="fig"}D). We also evaluated the effect of p38 inhibitior on the amount of EtOH-induced ROS generation in Park2 KO mice brain. EtOH-induced ROS generation was significantly reduced by inhibition of p38 MAPK in Park2 KO mice brain ([Fig. 7](#f0035){ref-type="fig"}E and F). The involvement of the p38 pathway was also studied in PC-12 cells. Since the EtOH-induced phosphorylations of p38 were found to be significantly increased in Park2 knock-downed PC-12 cells ([Fig. 8](#f0040){ref-type="fig"}A), we employed p38 specific inhibitor to further study the involvement of p38 pathways. The p38 inhibitor reversed the Park2 knock-down mediated promoting effect of autophagy marker proteins (TOM20, LC3 and COX4) expression in PC-12 cells ([Fig. 8](#f0040){ref-type="fig"}A). The ratio of LC3-II/TOM20 in parkin siRNA-transfected PC-12 cells was also reversed by treatment of p38 inhibitor ([Fig. 8](#f0040){ref-type="fig"}B). In addition, EtOH-induced mitochondrial membrane potential-dependent aggregated JC-1 dye was also significantly devreased bt p38 inhibitor treatment in the parkin siRNA-transfected PC-12 cells ([Fig. 8](#f0040){ref-type="fig"}C). Next, we evaluated the effect of p38 inhibitior on the amount of EtOH-induced ROS generation in parkin siRNA-transfected PC-12 cells. In parkin siRNA-transfected PC-12 cells, EtOH-induced ROS generation was significantly reduced by inhibition of p38 MAPK ([Fig. 8](#f0040){ref-type="fig"}D and E).

4. Discussion {#s0125}
=============

Oxidative stress is considered to be an important condition to promote cell death in response to a variety of signals and pathophysiological situations. Many studies have shown that ROS can induce apoptosis in many different cell systems [@bib44], [@bib45], [@bib46]. Therefore, it has been demonstrated that apoptosis in the central nervous system leads to neurodegeneration [@bib47], [@bib48]. Heavy EtOH consumption produces profound damage to the brain, heart, liver, pancreas, lungs, bone, skeletal muscles, endocrine, and immune systems [@bib35], [@bib49], [@bib50], [@bib51], [@bib52]. The developing nervous system is particularly vulnerable to EtOH exposure. A single episode of EtOH intoxication, during the developmental period of synaptogenesis, can trigger widespread apoptotic neurodegeneration in a rat or mouse brain [@bib53], [@bib54]. The EtOH-intoxicated infant mouse, therefore, provides an excellent model for studying in vivo apoptotic neurodegeneration [@bib54]. Our present data showed that Park2 deficiency amplified EtOH-induced behavioral disorder, dopamine depletion, superoxide formation, lipid peroxidation, protein oxidation and neuronal cell death. In an in vitro study, EtOH-induced superoxide formation and neuronal apoptosis were significantly increased by knock down of Park2. These data indicate that EtOH-induced superoxide generation could be associated with park2 deficiency-induced neuronal cell death and behavioral function.

In PD conditions, the apoptotic death of dopaminergic neurons can be induced by ROS through disruption of mitochondrial dysfunction. 1-methyl-4-phenylpyridinium (MPP+), a metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is accumulated within in the mitochondria of dopaminergic neurons causing neuronal cell death through increased free radicals contents [@bib55]. In the neuronal cell death, mitochondrial dysfunction by increased mitochondrial potential could result in cell death or autophagy. Impaired mitochondrial function could cause DNA damage [@bib56].

Autophagy is induced by various stress signals, such as exposure to toxic agents and metabolic stress [@bib57]. Studies in the past decade have shown that autophagy can also offer protection against numerous pathologies such as neurodegeneration, cardiac disease, diabetes and infections [@bib58], [@bib59]. For the survival of healthy neurons, constitutive elimination of damaged proteins by autophagy is an important mechanism [@bib60]. In the aged brain and neurodegenerative diseases such as Alzheimer, Parkinson, and Huntington diseases, disruption of the normal flow autophagy has been shown [@bib60]. In this neuropathies, autophagy is beneficial for clearing toxic factors and enhancing cell survival particularly in neurons [@bib61]. Recently, it was reported that Parkin, a product of park2 gene expression, can eliminate the impaired mitochondria in PD [@bib62]. Parkin is specifically recruited to damaged mitochondria and promotes their autophagic degradation [@bib62]. Other observation shows that these Parkin-marked mitochondrial fragments are LC3 positive, and clearance of damaged mitochondria occurs through Parkin-mediated autophagy. Overexpressed Parkin also eliminates the ROS-induced damaged mitochondria in some PD phenotype animal and cell culture models [@bib63]. In addition, parkin deficiency or mutations lead to oxidative stress and mitochondrial dysfunction. Parkin-null drosophila [@bib13] and mouse [@bib64] strains exhibit mitochondrial impairment and increased oxidative stress. In present study, we demonstrated that park2 KO inhibited autophagy by decrease of mitochondria membrane potential induced by EtOH released ROS in vivo and in vitro. This inhibition is associated with neuronal cell death and behavioral abnormalities. Moreover, these inhibitory effect on autophagy was excellerated by EtOH exposure. These data indicated that lack of autophagy through inhibition of clearance of damaged mitochondria could be significant in the exacerbation of dopaminergic neurodegeneration in Park2 KO mice.

Recent studies have shown that the EtOH treatment can induce oxidative stress through accumulations of ROS via MAPK signaling [@bib65], [@bib66]. Previous studies have shown that EtOH activates MAPK cascades, and increases ROS production related via p38 MAPK pathways [@bib67]. In addition, inhibition of p38 MAPK reduced neuronal death and H~2~O~2~ production [@bib68]. The activation of p38 MAPK by death receptors has been described by several groups [@bib69]. Moreover, a recent study demonstrated that activation of p38 MAPK can induce mitochondrial potential, caspase activation and cell death [@bib70]. This evidence suggests that p38 MAPK is a very important factor in EtOH-induced cell death and regulation of ROS production. In our present study, Park2 KO mice showed significantly decreased autophagy through highly mitochondrial dysfunction, up-regulated ROS formation and neuronal apoptosis compared to Park2 WT mice and the effects associated with the activation of p38 were increased. However, EtOH-induced mitochondrial dysfunction and ROS formation were significantly reduced by the specific p38 inhibitor in Park2 KO mice. In addition, an in vitro study showed that the exacerbating effect of Park2 knock-down on EtOH-induced mitochondrial dysfunction was significantly reduced by the treatment of p38 specific inhibitor. Therefore, we suggest that park2 deficiency amplifies EtOH-induced neurodegeneration through ROS-dependent up-regulation of p38 activation. A recent study showed that Parkin suppresses tyrosinase-induced apoptotic neuronal cell death through inhibiting p38 activation [@bib71]. These data indicate that down regulation of autophagy could contribute to enhanced neuronal cell damages in Park2 KO mice. This reduced mitochondrial function and autophagy could be involved with ROS formation via p38 MAPK in Park KO mice.

5. Conclusion {#s0130}
=============

EtOH consumption can induce the ROS formation through activation of p38 MAPK pathway. This ROS can cause the dopaminergic neurodegeneration through neuronal apoptosis, by inhibition of the autophagy system operating for elimination of damaged cells. However, in Park2 KO mice showed significantly decreased autophagy through highly mitochondrial dysfunction. This study suggests that parkin has a neuroprotective role against oxidative stress mediated damaged mitochondria and autophagy, and parkin deficiency exacerbates ethanol-induced damage in dopaminergic neuron through p38 MAPK pathway.
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![**Park2 deficiency exacerbates ethanol-induce behavior disorder.** Performance on the rotarod is impaired by ethanol treatment in both Park2 WT and KO mice. However, the impairment is more obvious in Park2 KO mice (A). MPTP-induced bradykinesia (in the performance of the pole test when animals descended the length of the pole) is more observed in Park2 KO mice (B). Stride length of forelimb is more shortened by ethanol consumption in Park2 KO (C). Each value is presented as mean±SD from eight mice. \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice.](gr1){#f0005}

![**Park2 deficiency amplifies EtOH-induced dopaminergic neurodegeneration.** Levels of dopamine (A), DOPAC and HVA (metabolite of dopamine) (B) in the mice brain between four groups were determined by HPLC. The effect of Park2 KO on TH-positive neurons was measured by immunohistochemical analysis. The two sections represent mice brain (striatum and substantia nigra) incubated with anti-TH+ primary antibody and the biotinylated secondary antibody (*n*=3). The representive stained tissues were viewed with a microscope (X50 or 200). EtOH-induced loss of TH-positive fibers in the striatum is more prominent in Park2 KO mice (B). The graph represents density of tissue sections and the number of TH-positive neuronal cells. In addition, there is a significant decrease in the expression of TH in the whole brain of EtOH-fed Park2 KO mice (C). Total number of cells was calculated in each section. All values are the mean±S.D. from three mice brains. \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice.](gr2){#f0010}

![**Park2 deficiency amplifies the EtOH-induced dysfunction of mitochondrial autophagy.** To evaluate relation of Park2 and mitochondrial autophagy, double immunofluorescence staining of TOM20 with LC3 was performed. Brain sections were incubated with specific antibodies against TOM20 (green) and LC3 (red) proteins. The representive stained tissues were viewed with a microscope (X100) (A). The ratio of TOM20 or LC3II/DAPI was measured for quantification of fluorescence (B). Mitochondrial membrane potential in brains after EtOH-induced injury. Results are expressed as the ratio of the aggregate-to-monomeric form of JC-1 (C). Expression of Cox-4, TOM20 and LC3 was also examined by specific antibodies in the brain (D). The ratio of LC3 II/TOM20 was measured for comparison of mitophagy (E). All values are the mean±S.D. from three mice brains. \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice.](gr3){#f0015}

![**Park2 deficiency amplifies the EtOH-induced oxidative stress.** The intensity of DHE staining was significantly increased in the EtOH-fed Park2 KO mice, suggesting increased superoxide production. DHE staining of the four mice brains. The representive stained tissues were viewed with a microscope (X100) (A). Accumulation of superoxide were measured by DHE positive fluorescence (B). Effect of park2 KO on the GSH/GSSG content in brains of four groups. Oxidative stress was assessed by measuring the GSH/GSSG ratio (C). In order to determine whether mitochondrial damage and cytotoxicity were related to oxidative stress, we measured the levels of lipid oxidation products (MDA) (D) and protein carbonyl contents (E) in mice brain. All values are the mean±S.D. from three mice brains. \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice.](gr4){#f0020}

![**Park2 deficiency exacerbates ethanol-induce apoptotic cell death.** Apoptotic cell death was detected in the brains of four groups as shown by TUNEL staining as described in materials and methods. EtOH-fed Park2 KO mice exhibited a large number of TUNEL-positive cells under the fluorescence microscopy as compared to EtOH-fed Park2 WT mice. The representive stained tissues were viewed with a microscope (X200) (A). Expression of apoptosis related protein (Bcl-2, BAX, Caspase3 and Caspase8) in the brains of four groups was measured. The expressions of proteins were detected by Western blotting using specific antibodies (B). \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice.](gr5){#f0025}

![**Knock down of Park2 amplifies EtOH-induced mitochondrial dysfunction and oxidative stress in PC-12 cells.** To evaluate relation of Park2 and mitochondrial function and oxidative stress in PC-12 cells, Western blot, double immunofluorescence staining of TOM20 with LC3 was performed. Expression of Parkin (Numbers: percentage of expression), Cox-4, TOM20 and LC3 were examined by specific antibodies in Park2 knock-downed PC-12 cells (A). The ratio of LC3 II/TOM20 was measured for comparison of mitophagy (B). The cells were incubated with specific antibodies against TOM20 (green) and LC3 (red) proteins. The representive stained tissues were viewed with a microscope (X400) (C). Photomicrographs of transmembrane potential-dependent JC-1 staining of mitochondria. High mitochondrial polarization is indicated by red fluorescence due to JC-aggregate formation by the concentrated dye, depolarized regions are indicated by the green fluorescence of JC-1 monomers. The representive stained tissues were viewed with a microscope (X400) (D). Superoxide production wes examined by DHE staining in Park2 knock-downed PC-12 cells. The representive stained tissues were viewed with a microscope (X100) (E). \*, \<0.05: Significant difference from control mice and \#, p\<0.05: Significant difference between the Park2 WT and KO mice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr6){#f0030}

![**Effect of p38 MAPK inhibitor SB203580 on park2 deficiency-induced neuro degenerative effects in vivo.** The activation of p38 MAPK was measured by Western blot analysis. Expression of p38 MAPK and its phosphorylation form were examined by specific antibodies in the brain (A). Expression of mitochondria function proteins (Cox-4, TOM20 and LC-3) were detected by Western blotting using specific antibodies (B). The ratio of LC3 II/TOM20 was measured for comparison of mitophagy (C). Photomicrographs of transmembrane potential-dependent JC-1 staining of mitochondria. High mitochondrial polarization is indicated by red fluorescence due to JC-aggregate formation by the concentrated dye, depolarized regions are indicated by the green fluorescence of JC-1 monomers (D). Superoxide production was examined by DHE staining between two groups. The representive stained tissues were viewed with a microscope (X100) (E). Accumulation of superoxide were measured by DHE positive fluorescence (F). Each blot is representative for three mice. \*, *p*\<0.05: Significant difference between from the injection of p38-specific inhibitors.](gr7){#f0035}

![**Involvement of p38 pathway in the exacerbate effect of Park2 deficiency on neurodegeneration.** To involvement of p38 pathway in the exacerbate effect of Park2 deficiency, Park2 knock-downd PC-12 cells were inhibited with p38 specific inhibitor (10 μM) for 24 h at 37 °C. Expression of parkin, p38 MAPK and its phosphorylation form were examined by specific antibodies (A). Expression of autophagy-related proteins (COX4, TOM20 and LC3) were detected by Western blotting using specific antibodies (A). The ratio of LC3 II/TOM20 was measured for comparison of mitophagy (B). Photomicrographs of transmembrane potential-dependent JC-1 staining of mitochondria. High mitochondrial polarization is indicated by red fluorescence due to JC-aggregate formation by the concentrated dye, depolarized regions are indicated by the green fluorescence of JC-1 monomers (C). Superoxide production was examined by DHE staining in Park2 knock-downed PC-12 cells. The representive stained tissues were viewed with a microscope (X400) (D). Accumulation of superoxide were measured by DHE positive fluorescence (E). \*, *p*\<0.05: Significant difference from the Con-siRNA transfected PC-12 cells and \#, *p*\<0.05: Significant difference between from the cotreated with p38-specific inhibitors.](gr8){#f0040}
